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EXECUTIVE SUMMARY

Energy efficiency and conservation are crucial for a balanced energy policy for the nation in
general and the state of California. Widespread adoption of technologies such as energy-efficient
motors, adjustable-speed drives, and improved-efficiency lighting will be the key in achieving
self-sufficiency and a balanced energy policy that takes into account both supply-side and
demand-side measures.

To achieve the full benefit of their use, these energy-efficient technologies must be applied
intelligently and with clear recognition of the impacts some of these technologies may have on
power quality and reliability. Gaining acceptance of new energy-saving technologies by the
general populace is also key to realizing a sound energy program for the state of California. With
that in mind, EPRI and the California Energy Commission (CEC) have worked to develop this
guidebook to promote better understanding of the potential benefits of energy-saving
technologies and also their power quality and reliability implications.

Objectives
This guidebook has three primary objectives.

1. To provide guidelines for minimizing any undesirable power quality impacts of energy-
saving technologies

The first objective is to provide guidelines for minimizing any power quality impacts resulting
from application of energy-saving technologies with regards to motors and lighting. The primary
focus is on energy-efficient motors, adjustable-speed drives, and electronic ballast for lighting.
These are proven energy-saving measures, and widespread adoption of these technologies will
go a long way in alleviating California’s energy crisis. It is crucial that misapplication of these
technologies—especially those that would result in power quality side effects—be minimized to
ensure that customers are not turned off by these technologies. The guidebook provides
explanations of possible side effects and offers suggested mitigation methods.

2. To provide an understanding of the energy-savings potential of power quality-related
technologies

The second objective of the guidebook is to offer practical guidelines for customers regarding
energy-savings potential for some electrical devices whose primary application is not for energy
savings. However, energy savings is often used as one of the selling features for these devices
and customers need to have a clear understanding of the energy-saving potential of these types of
technologies. These include:

e Surge protective devices (SPDs) or transient voltage surge suppressors (TVSS),



e Harmonic filters,
e Power factor correction capacitors, and

e Flectronic soft starters for motors.

3. To provide guidelines for evaluating “black box” technologies

The final objective of this guidebook is to provide customers with practical guidelines on
evaluating the energy-saving potential for some “black-box” electrical products that claim

to save energy and products that can be grouped generally as motor voltage controllers. The
energy-saving potential for some of these technologies is very much application dependent

in some cases and questionable in others. It is important for customers to have a basic
understanding of the characteristics of all these products. A misunderstanding of the energy-
saving potential for these technologies can cause a negative feeling among customers that may
stop them from aggressively pursuing other clearly proven energy-saving measures such as
energy-efficient motors, adjustable-speed drives, and energy-efficient lighting.

vi
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1

INTRODUCTION TO GUIDEBOOK

Background

Energy efficiency and conservation are crucial for a balanced energy policy for the nation in
general and the state of California. Widespread adoption of energy-efficient technologies such as
energy-efficient motors, adjustable-speed drives, and improved-efficiency lighting will be the
key in achieving self sufficiency and a balanced energy policy that takes into account both
supply-side and demand-side measures.

To achieve the full benefit of their use, these energy efficient technologies must be applied
intelligently and with clear recognition of the impacts some of these technologies may have on
power quality and reliability. Gaining acceptance of new energy-saving technologies by the
general populace is also key to realizing a sound energy program for the state of California. With
that in mind, EPRI and the California Energy Commission (CEC) have worked to develop this
guidebook to promote better understanding of the potential benefits of energy-saving
technologies, and also their power quality and reliability implications.

Objectives
This guidebook has three primary objectives.

1. To provide guidelines for minimizing any undesirable power quality impacts of energy-
saving technologies

The first objective is to provide guidelines for minimizing any power quality impacts resulting
from application of energy-saving technologies related to motors and lighting. The primary focus
is on energy-efficient motors, adjustable-speed drives, and electronic ballasts for lighting. These
are proven energy-saving measures and widespread adoption of these technologies will go a long
way in alleviating California’s energy crisis. It is crucial that misapplication of these
technologies, especially those that may result in power quality side effects, be minimized to
ensure that customers are not turned off by these technologies. The guidebook provides
explanation of possible side effects and offers suggested mitigation methods.

2. To provide guidelines for understanding the energy-saving potential of power quality-
related technologies

The second objective of the guidebook is to offer practical guidelines for customers regarding
energy-saving potential for some electrical devices whose primary application is not for energy
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Introduction to Guidebook

savings. However, energy savings is often used as one of the selling features for these devices
and customers need to have a clear understanding of the energy-saving potential of these types of
technologies. These include:

e Surge protective devices (SPDs) or transient voltage surge suppressors (TVSS)
e Harmonic filters
e Power factor correction capacitors

e Electronic soft starters for motors
3. To provide guidelines for evaluating “black box” technologies

The final objective of this guidebook is to provide customers with practical guidelines for
evaluating the energy-saving potential of some “black-box” electrical products that claim to save
energy and products that can be grouped generally as motor voltage controllers. The energy-
saving potential of some of these technologies is very much application dependent in some cases
and questionable in others. It is important for customers to have a basic understanding of the
characteristics of all these products. A misunderstanding of the energy-saving potential for these
technologies can cause a negative feeling among customers that may stop them from
aggressively pursuing other clearly proven energy-saving measures such as energy-efficient
motors, adjustable-speed drives, and energy-etficient lighting.

1-2



2

THE POWER QUALITY IMPACT OF ENERGY-
EFFICIENT MOTORS

Introduction

Efficient use of energy enables commercial and industrial companies to minimize production
costs, increase profits, and thereby remain competitive. The main target for energy-efficient
measures in the industrial sector is the induction motor, which uses most of the energy delivered
to industrial facilities. In fact, studies commissioned by the U.S. Department of Energy show that
electric motors consume almost 60 percent of all power generated in the United States. As shown
in Figure 2-1, some industries are so motor-rich that motors consume more than 92 percent of the
supplied energy.

Percent of Supplied Energy Consumed by Motors

Petroleum/Chemical Paper Food Textile
Figure 2-1
Motors Consume an Average of 88 Percent of Supplied Energy Across Four Major
Industries

In many respects, it is most appropriate to think of electric motors as “energy conversion”
devices—converting electrical energy into mechanical energy. During this conversion, some
energy is lost to vibration, noise, and heat. In an era of energy efficiency and conservation, any
device characterized by its energy losses becomes a prime target for improved energy
performance. Compelled by federal law and standards organizations, manufacturers of induction
motors are thus designing and building more efficient motors (that is, motors with lower energy
losses).

In October 1973, oil embargoes of petroleum-rich Middle-Eastern countries caused oil prices to
surge and initiated an energy crisis in the United States. High gasoline prices and long lines at
the gasoline pumps led legislators to reconcile the dependence of the United States on foreign
petroleum and the high demand for electric energy. Since that time, the U.S. Department of
Energy has worked to develop energy-saving measures. On October 24, 1992, Congress passed
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The Power Quality Impact of Energy-Efficient Motors

Public Law 102-486, the Energy Policy Act (EPAct), which mandates strict energy-efficiency
standards for electrical appliances and equipment, including industrial, general-purpose electric
motors.

EPAct requires that the most commonly used types of induction motors (general-purpose,
Design-A and Design-B) meet the higher nominal full-load efficiency requirements defined in
Table 12-10 of the National Electrical Manufacturers Association (NEMA) Standard MG-1-
1993, Motors and Generators. As a result of EPAct, almost all motor manufacturers now offer a
line of energy-efficient, Design-B motors that meet or exceed this energy-efficiency requirement.
Because today’s general-purpose induction motors must meet the energy efficiency levels of the
EPAct, yesterday’s energy-efficient or premium- efficiency motors are today’s standard-
efficiency models. Because of EPAct, today’s standard-efficiency motor is Y4 to 4 percentage
points higher in efficiency than older, standard-efficiency induction motors.

In 1994, NEMA issued a revision to MG-1-1993, which included specifications for a new, higher
efficiency motor designated NEMA Design-E. The nominal, full-load efficiency requirements
listed for a Design-E induction motor in Table 12-11 of the NEMA revision exceed the
efficiency requirements stipulated by EPAct. Therefore, Design-E motors not only qualify as
EPAct energy-efficient motors, but also as a premium-efficiency motor—a term not precisely
defined by NEMA but understood in the motors industry to mean higher efficiency than required
by law. Error! Reference source not found. shows the full-load, nominal efficiencies for 1800-
rpm, EPAct, energy-efficient induction motors and NEMA Design-E, premium-efficiency
induction motors.

. Premium-Efficiency Motors (from NEMA MG-1-1993,Table 12-10)
B Design-E Motors (from NEMA MG- 11993, Table 12-11)

100

95

90

85

Full-Load Nominal Efficiency (%)

gaF | 5 0" 1520 " 25 50 " 75 100 " 125 " 150 200

Motor Horsepower

Figure 2-2
Minimum Efficiency Values for 1800-rpm, Energy-Efficient Motors and NEMA Design-E
Motors [480-Volt and Totally Enclosed, Fan Cooled (TEFC)]
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The Power Quality Impact of Energy-Efficient Motors

Improving Induction Motor Efficiency

Motor efficiency is the ratio of a motor’s mechanical power output to its electrical power input.

To improve motor efficiency, motor losses must be reduced. As shown in Figure 2-3, motor

losses can be divided into five major types:

1. Stator losses caused by resistance within the stator windings to the flow of electric current

(also called stator I’R losses).

2. Rotor losses caused by resistance within the rotor bars or windings to the flow of induced

current (also called rotor I°R losses).

3. Core losses result from inefficiencies in creating magnetic fields in the laminated metal of the

stator and rotor including magnetic hysteresis (resistance to changing magnetic fields) and

eddy currents (that circulate inside each core lamination).

4. Windage and friction losses due to air resistance, the motor’s internal fan, and friction within

the bearings.

Stray losses are all other losses and include such difficult-to-quantify inefficiencies as stray

magnetic flux (flux that doesn’t link the stator and rotor fields), magnetic resistance in the air gap

between the stator and rotor, noise, and vibration.

5.Stray Load
Losses, 12%

4.Windage and
Friction, 8%

] 2. Rotor
.. Losses,
]L[\22%

Figure 2-3
Five Areas of Motor Losses and Their Typical Distribution (as a Percent of Total)

Motor manufacturers typically employ one or more of the following methods to reduce the losses

of an induction motor:
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The Power Quality Impact of Energy-Efficient Motors

e Stator Losses: Increasing the cross-section of the stator conductors will decrease the
resistance of the stator windings, thus reducing I’R losses.

e Rotor Losses: Increasing the cross-section of the rotor conductor bars (or windings) and end
rings will decrease the resistance of the rotor, thus reducing I°R losses.

e Core Losses: Using special, “high-permeability” magnetic steel in the core laminations can
reduce hysteresis losses. Using very thin laminations that impede wasteful circulating
currents can reduce eddy currents.

e Windage and Friction Losses: Using a heat-treatment process, improving the surface finishes
on rotors, and optimizing the design of fans will decrease windage losses. Using low-loss,
high-quality bearings can minimize friction losses.

e Stray Losses: Making the air gap between the stator and rotor as narrow as possible is the
most common method for reducing stray losses.

Electric motors can be found in almost every residential, commercial, and industrial facility.
However, the industrial market is by far the largest consumer of electric power and relies heavily
on electric motors. A 1997 market study commissioned by the U.S. Department of Energy
(DOE)' found that electric motors account for 69 percent of the industrial energy consumed in
the United States during 1994. Moreover, 25 percent of all electricity sold in the United States
was consumed by process motor-systems in 1994.

Improving the efficiency of process motor-systems has by far the largest energy-saving potential
in the industrial sector.

Steps to Improve Motor Efficiency

A number of opportunities exist for increasing production efficiency. These can be broken down
into three main categories:

1. Improving motor efficiency
2. Correcting for motor oversizing
3. Improving the motor-system efficiency

According to the DOE study', the combined potential for improving energy efficiency for all
three categories listed above is nearly 15 percent.

Improvements in motor efficiency alone (the first category shown above) could account for a 4.3
percent improvement, an energy savings of 24.6 GWh. During the DOE study, surveys of on-site
industrial facilities revealed several key facts:

! United States Industrial Motor Systems Market Assessment, Office of Industrial Technology, US Dept. of Energy,
December 1998.
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The Power Quality Impact of Energy-Efficient Motors

e Only 19 percent of facilities reported that they were aware of the availability of premium-
efficiency motors as specified in EPAct 1992

e Only 11 percent of the facilities have written specifications for purchasing motors. Only two-
thirds of the ones with written specifications have specifications for motor efficiency

Correcting for motor oversizing (the second category shown above) could accounts for a 1.2
percent improvement, an energy savings of 6.8 GWh. Survey results also revealed that industrial
facilities most often use the size of a failed motor as a key specification when deciding on a
replacement. Approximately 30 percent actually use the size of the failed motor as the only
factor.

Motor-system improvements (the third category shown above) have the largest potential for
increased energy efficiency and reduced energy costs at 10.5 percent. Nearly two-thirds of the
potential energy-efficiency increase can be achieved through motor-system improvements. The
DOE survey found that improvements in motor-system efficiency are not undertaken very often
at smaller facilities. Motor-system improvements include increasing piping diameter to reduce
friction in pumping applications, equalizing flow over a production cycle using holding tanks,
eliminating unnecessary bypass loops and other unnecessary flows, and replacing worn or
damaged mechanical parts. The use of electronic, variable-speed drives to control process-motor
speed is another major part of improving motor-system efficiency.

Potential Impacts of Energy-Efficient Motors on Power Quality Issues

When making a decision to install an energy-efficient motor, end users should be aware of
performance-related issues, especially for Design-E motors. These issues include starting
current, motor starters, nuisance tripping, voltage drops, full-load speed, starting torque, and the
operation of energy-efficient motors with adjustable-speed drives.

Reduced Winding Resistance — An Important Characteristic of Energy-Efficient
Motors

One important issue for users of new, high-efficiency induction motors is the electrical resistance
of the motor’s stator and rotor windings or bars. For example, to reduce the stator and rotor I’'R
losses in induction motors, manufacturers seek to reduce the resistance of motor windings and
bars by increasing their cross-section. This reduced resistance may cause energy-efficient motors
to draw a higher inrush current, higher starting current, and more unbalanced current for a given
voltage unbalance. It may also make the motor more susceptible to undesirable influence from
voltage harmonics.

While the use of energy-efficient motors can provide significant benefits, end users should be
aware of the impacts on power quality that can emerge from differences between standard-
efficiency, premium-efficiency, and Design-E induction motors. In addition, the quality of
electric power supply can have an impact on the performance of energy-efficient motor systems.
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Higher Starting Current

A principal side effect of reducing the internal resistance of premium-efficiency motors is higher
starting current—the initial electrical current drawn by the motor when it is first energized. Until
a motor starts to rotate, the only resistance at its terminals is the winding impedance. Therefore,
because energy-efficient motors have less winding resistance than standard-efficiency motors,
the starting current of energy-efficient motors is typically higher.

As shown in Figure 2-4, the starting current of a motor is composed of a series of two types of
current. The first type, called momentary inrush current, is similar to the inrush current
associated with the core of a transformer when it is first being energized. Momentary inrush
current lasts for the first half cycle or so (0.0083 seconds) of the starting current. For some
Design-E induction motors, this current can be as high as eight times the motor’s full-load
current. This compares to levels of five to six times full-load current typically exhibited by non-
Design-E motors.
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Momentary Inrush and Locked-Rotor Current during Motor Starting for a Standard-
Efficiency and a Premium-Efficiency, 5-Horsepower Motor

The second type of starting current, called locked-rotor current, is the result of the motor being
started from a stopped (non-rotating) condition. As shown in Figure 2-4, the locked-rotor current
begins when the motor is first energized and then tapers off to full-load current (or some
percentage of full load current, depending on the motor’s loading) once the motor has
accelerated to full speed. During acceleration, the motor’s self-generated internal voltage, called
“back EMF” (short for back electromotive force), begins to oppose the applied utility voltage.
Eventually, the motor current decreases to a level necessary to keep the motor turning under
load. The duration of locked-rotor current—anywhere from a few electrical cycles to several
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seconds—depends upon how long it takes the motor to accelerate to full speed. Variables
affecting this include the size of the motor, the “stiffness” of the voltage source energizing the
motor, and the inertia of the motor’s load.

The average starting current of typical standard-efficiency motors is about five to six times the
rated full-load current (see IEEE Standard 141-1993, I[EEE Recommended Practice for Electric
Power Distribution for Industrial Plants). The locked-rotor current of a premium-efficiency
motor can be as high as eight times the rated full-load current, and the locked-rotor current of a
Design-E motor can be as high as nine times. NEMA MG-1-1993, Revision 3, specifies a
maximum locked-rotor current for Design-B as well as Design-E motors. Because locked-rotor
current depends upon the voltage rating of a motor, this information is often presented as locked-
rotor KVA/HP. Error! Reference source not found. shows the maximum locked-rotor kKVA/HP
allowed by NEMA MG-1-1993 for a standard-efficiency Design-B motor and a Design-E motor.
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Maximum Locked-Rotor kVA/HP for Standard-Efficiency Design-B and Design-E Motors

Nuisance Tripping of Energy-Efficient Induction Motors
One unfortunate manifestation of high starting currents with high-efficiency motors is it can

cause nuisance tripping of circuit breakers, particularly in the case of instantaneous-trip circuit
breakers—protective devices that disconnect a motor to protect it and other equipment. Nuisance

2-8



The Power Quality Impact of Energy-Efficient Motors

tripping of energy-efficient motors can be avoided by increasing the settings of overload
protective devices to higher levels. The National Electrical Code (NEC) recommends setting the
trip level of a circuit breaker at 800 percent of the motor full-load current for standard-efficiency
motors and 1100 percent for Design-E motors. However, Section 430-52 of the 1996 revisions to
the NEC takes the higher inrush current of energy-efficient motors into account by allowing
1300 percent of a motor’s full-load current as the trip setting for non-Design-E motors and up to
1700 percent for Design-E motors. These exceptions are permitted if either a field trial or
engineering evaluation indicates that the basic rule of 800-percent setting for non-Design-E and
1100-percent setting for Design-E motors will result in nuisance tripping as the motor starts.

Momentary Voltage Drop When Starting Energy-Efficient Induction Motors

All induction motors, with their high initial starting currents, can cause a facility’s supply voltage
level to dip—particularly if the electric supply is marginal or stressed (for example, at the end of
a very long utility feeder or operating very near full capacity). Calculating voltage drop during
motor starting is usually done during the engineering-evaluation stage of motor installation, with
a 10-percent, momentary voltage drop generally considered a maximum. However, replacing
standard-efficiency motors with energy-efficient motors may result in higher, and perhaps
excessive, voltage drops. The higher starting current of energy-efficient motors results in more
severe drops in the utilization voltage, which may prevent the motor from starting and adversely
affect other equipment connected to the same bus. For example, high-intensity discharge
lighting, which is sensitive to voltage variations, may drop out during the starting of an energy-
efficient motor. The amount of voltage drop at the point of motor connection depends upon the
amplitude of the starting current and the upstream impedance, which is mostly the impedance of
distribution lines, cables, and transformers.

Selecting Starters for Energy-Efficient Induction Motors

When standard-efficiency motors are replaced by energy-efficient motors, the existing motor
starters may not be able to handle the higher starting current.” Therefore, installing energy-
efficient motors may require the use of starters that are specially designed for handling higher
inrush current or the derating® of standard motor starters

The 1996 revision to NEC provides clear guidance for rating motor starters and disconnecting
means for Design-E motors. Conventional motor starters and other motor controllers can be used
with Design-E motors as long as the rating of the starter exceeds that of the motor by a factor of
1.4 when the motor is between 3 and 100 horsepower and by a factor of 1.3 for larger motors

? Energy-efficient motors are defined by the standard NEMA MG-1-1993, which sets forth energy efficiency
thresholds for general purpose induction motors in common horsepower sizes from 1 hp to 200 hp. The most
common NEMA designs used for energy-efficient motors are Design B and Design E.

? Derating the perforance levels of electrical equipment is common practice and recognizes that certain operational
or environmental circumstances may prevent equipment from performing safely at normal rated output levels.
Examples of factors that may lead to derating include altitude, ambient temperature and other weather conditions,
contamination, and overload conditions. Practically, derating requires the installation of a larger (or otherwise more
capable) piece of equipment than would normally be required (for example, using a 100-hp motor where a 75-hp
motor might have served under more favorable conditions).
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(see NEC Section 430-109 Ex. 1 [new] and Section 430-83(a) Ex. 1 [new]). This derating factor
takes into account that the locked-rotor current for energy-efficient motors can be higher than for
standard-efficiency motors by a factor of 1.3 to 1.4 times. Of course, motor controllers that are
designed for Design-E motors can be used without derating them.

The guidelines for Design-B premium-efficiency motors are not clear because the locked-rotor
current varies significantly by manufacturer. For Design-B premium-efficiency motors, the end
user should obtain data on the locked-rotor current from the manufacturer and install motor
controllers that are capable of handling that current.

Effects of Power Quality on Energy-Efficient Induction Motors

While induction motors can precipitate power quality problems, they can also be victims of poor
power quality. The following sections discuss the effect of voltage unbalance and harmonic
voltage distortion on energy-efficient motors and other equipment connected to the same bus.

Effects of Voltage Unbalance on Induction Motors

Electric power is almost universally distributed in the form of three-phase power—consisting of
at least three conductors operating at the same (or nearly the same) voltage but 120 degrees out
of phase. Electrical machines that use three phase power—such as the majority of induction
motors—are designed to have the three phase voltages equal, or nearly so. When the phase
voltages are not equal, significant problems can occur, often manifesting in two of the biggest
threats to the longevity of rotating equipment: excessive heat and vibration.

Temperature Rise Because of Voltage Unbalance

An unbalanced, three-phase voltage causes three-phase motors to draw unbalanced current—a
current that contains a negative-sequence component (one that creates magnetic fields that
oppose the motor’s normal direction of rotation and can cause the rotor of a motor to overheat).
In fact, the temperature rise caused by unbalanced current is much greater than the rise caused by
the motor current alone. A voltage unbalance results when phase voltages at the point of
utilization are unequal. Common causes of voltage unbalance include (1) faulty operation of
automatic, power-factor-correction equipment and voltage regulators in the utility distribution
lines; (2) unevenly distributed, single-phase loads in a facility; and (3) an unbalanced transformer
bank. According to Appendix D of American National Standards Institute (ANSI) Standard
C84.1, Electric Power Systems and Equipment, approximately 98 percent of surveyed electric
power-supply systems are within 3 percent voltage unbalance, with 66 percent of the systems at

1 percent or less. ANSI C84.1 recommends that electric power-supply systems have no more
than 3 percent voltage unbalance when measured at the revenue meter during no-load conditions.
NEMA Standard MG 1-14.35 recommends derating an induction motor when the voltage
unbalance exceeds 1 percent and recommends not operating a motor at all when the voltage
unbalance exceeds 5 percent.
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Derating Motors Because of Voltage Unbalance

Operating a motor during a voltage unbalance generally requires the motor to be derated to
ensure long life. If the motor is not equipped with an embedded temperature detector or if
incorporating the detector into a protection scheme is not feasible, then the end user should
consult with the motor manufacturer to determine the maximum level of current unbalance that is
acceptable for all loading conditions. For example, the effect of a 10-percent current unbalance
on a motor that is fully loaded is greater than the effect on the same motor if the motor is loaded

at only 50 percent.

Essentially, the operation of a motor under unbalanced voltage conditions requires that the motor
be derated. For standard motors, NEMA provides guidance for derating. For voltage unbalances
between 1 and 5 percent, NEMA suggests derating motors according to the graph shown in
Figure 2-6. NEMA has not yet established a derating graph for energy-efficient motors.
However, because energy-efficient motors have lower losses during balanced as well as
unbalanced voltage conditions, applying the derating graph in Figure 2-6 to energy-efficient
motors will yield conservative derating factors.
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Derating Graph and Table for Induction Motors Based Upon Percent of Voltage Unbalance
(from National Electrical Manufacturers Association MG-1-1993)

Unbalanced Currents In Induction Motors

When a standard-efficiency motor is replaced with an energy-efficient motor, the protection
scheme against excessive unbalanced current may cause nuisance tripping, especially when the
scheme is configured to disconnect the motor based upon the percent of relative current
unbalance and not the temperature of the motor. To overcome nuisance tripping caused by
current unbalance, the end user has two options:
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Monitor the Temperature. The best way to protect a motor stator against unbalanced current is
to monitor the temperature rise of the motor. Many motors, especially large motors, are equipped
with an embedded temperature detector. If a protection scheme were to include an input from a
temperature detector, the motor can be taken offline when the motor temperature exceeds a
predetermined level rather than taken offline when the current unbalance exceeds a
predetermined level.

Provide Time Delay. Most of the faults in a utility distribution system are single-phase. The
voltage sags resulting from these faults are usually very unbalanced, causing a severe voltage
unbalance at the motor terminals. However, the duration of a voltage sag is typically only a few
cycles, the time it takes utility protection devices to clear a fault. In some cases, a motor will trip
during a momentary voltage unbalance because of the resulting current unbalance. Also,
sensitive relays in the motor-protection circuit may drop out, disconnecting the motor from the
line. To prevent nuisance motor tripping or disconnection during unbalanced voltage sags, a time
delay can be incorporated into the motor-protection circuit.

Effects of Harmonic Voltage Distortion on Induction Motors

One effect of the widespread use of power electronic converters such as variable-frequency
drives is an increase in voltage distortion—the presence of unwanted frequencies in the voltage
other that the normal 60-Hz fundamental. The higher frequencies associated with harmonic
voltage distortion (usually in the range of 300 to 3000 Hz) can increase energy losses in iron and
copper, resulting in increased motor heating and higher operating temperatures. Typically,
background harmonic distortion (harmonic distortion that already exists in a wiring system) is
comprised of harmonics of odd multiples such as 3 5™ and 7™ harmonics. As with voltage
unbalance, some specific harmonic components such as the 5™ and 11" can cause the rotor to
dramatically overheat.

To compensate for harmonic voltage distortion, end users can derate induction motors. In the
absence of any established guidelines for energy-efficient motors, end users should follow the
procedure for derating motors in NEMA MG-1-1993, Section IV, Part 30. Following this
procedure will typically yield conservative derating factors for the operation of energy-efficient
motors under distorted-voltage conditions.

Conclusion

Promotion of energy-saving measures by the federal government and electric utilities and the
enactment of those measures by end users are enabling energy-efficient motors to quickly
replace standard-efficiency induction motors. However, unless application engineers become
familiar with the potential consequences of using energy-efficient motors, this transition may
catch some people off guard and discourage them from using premium-efficiency and Design-E
motors. By anticipating issues related to power quality and performance, end users can
successfully install and maintain energy-efficient motors, thereby reducing energy costs and
complying with federal law.
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THE POWER QUALITY IMPACT OF ADJUSTABLE-
SPEED DRIVES

With the advent of today’s microprocessor and power electronics technologies, there are
alternatives to inefficient mechanical process controls. The adjustable-speed drive (ASD)—also
called a variable-speed drive (VSD), variable-frequency drive (VFD), inverter drive, or motor
drive—is a highly efficient process control device that enables induction motors, which normally
operate at only a single, constant speed, to operate at an adjustable speed. As a result, ASDs are
replacing mechanical control devices in industrial applications. ASDs provide a flexible and
efficient motor-control scheme, allowing motor speed and torque to be controlled with much
higher precision and accuracy. Furthermore, because motor speed can now be adjusted to match
the needs of the load or process, ASDs can decrease system losses and increase system
efficiencies when processes operate at reduced rates.

Although ASDs can greatly improve the efficiency and productivity of motor-driven systems,
they, like induction motors, cause and suffer from power quality problems.

Improving System Efficiency With Adjustable-Speed Drives

The use of ASDs allows direct connection of motors to the loads. This control technique can
significantly improve the motor-system efficiency by allowing reduction in speed (which
inherently saves energy) or through elimination of alternative and wasteful means of regulating
output.

In the past, processes were often controlled by inefficient mechanical means, such as vanes,
bypass valves, throttling vales, and dampers. With the application of an ASD, processes are
controlled directly by varying the motor’s speed and torque. Figure 3-1 and Figure 3-2 show the
replacement of mechanical controls with an ASD.
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Replacement of Mechanical Controls with an Adjustable-Speed Drive to Control the Flow
of Material in a Process

In addition to eliminating inefficient control elements like valves and vane, ASDs also allow
dramatic energy savings by reducing the speed of fans and pumps so that only the flow necessary
for the process is produced. These loads—so called “cube-law load”—are important because the
energy used by most fans and pumps increases eight-fold for each doubling of speed, as shown
in Figure 3-3.
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The Structure of Adjustable-Speed Drives

All ASDs have the same basic structure, which includes a rectifier, filter, and inverter. The
rectifier converts three-phase AC line power to DC power. The components used in the rectifier
are typically thyristors or diodes. The filter sits between the rectifier and inverter and provides
harmonic and power ripple filter (using inductors or chokes) as well as power storage (using
capacitors). These components work to smooth and regulate, respectively, the current and
voltage supplied to the motor. The inverter portion typically consists of thyristors or transistors
that are carefully controlled to sequence the proper voltage and current to the phase windings of
the motor, depending on the speed and load required.

Present-day economics favor pulse-width modulated drives for applications under 200 HP and,
in most cases, these drives will provide excellent service. In both retrofit and new applications,
the user should consider heating and cabling distance to make sure the supplier will guarantee
long-term performance. Some applications may also use the older, but very reliable, six-step

voltage-source inverter technology. Many thousands of these drives are in service and many
companies still design and manufacture them for applications under 200 HP.

Power Quality Problems Caused by Adjustable-Speed Drives

Like most electronics loads, ASDs can both cause and suffer from power quality problems.

Electromagnetic Interference Caused By Adjustable-Speed Drives

As shown in Figure 3-4, abrupt voltage transitions on the output terminals of an ASD are an
inherent source of radiated and conducted electromagnetic interference (EMI). The conducted
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emission may affect control signals, encoder feedback, communication links for programmable

logic controllers, including RS-232, RS 484, remote I/O, and different types of sensors including

ultrasonic sensors, bar code/vision systems, weight sensors, and temperature sensors. The most

common symptom is erratic operation of the ASD. AM radio reception, radio-controlled operator

devices, and televisions are the most susceptible equipment to radiated interference from ASDs.
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Adjustable-Speed Drive Output Vol